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namic performances, and may cause instability when coupled to position or force feedback control. Thus, compensating for joint friction has been one of the main research issues in robot design and control over the years. The aim of this paper is to show how friction compensation based on the LuGre (for Lund and Grenoble) dynamic model, [3] , which was applied to an electric actuator in [4] , can be successfully used for an hydraulically actuated manipulator. Fig. 1 is a photograph of the Schilling Titan I1 manipulator used in this research.
Friction compensation is particularly important for hydraulic manipulators. First, due to high supply pressure, tight sealing is required to prevent the actuators from significant internal leaks. This generates very high joint friction. As an example, the joint friction of the Schilling Titan I1 manipulator can reach 30% of the nominal actuator torque. Secondly, nonlinear Stribeck friction, a well known source of stick-and-slip oscillations, has a particular importance in hydraulic systems [ 151. (Fig. 4 illustrates the Stribeck effect for the first joint of the Titan I1 robot. A 25% drop between the static friction torque and the minimum torque is observed.)
While compensating for friction is specially important for hydraulic devices, it is also particularly difficult. There are several ways to compensate for friction, basically divided into nonmodel based and model based compensation [ 11. Among the first type there is, for example, classical dither noise, which consists in adding a high frequency signal to the control signal. Another possibility is to design a joint torque feedback, requiring extra torque sensors to be mounted on the robot or on its base; see for example [9] . In most cases (including our industrial application), none of those sensors are available. Model-based friction compensation uses on-line friction torque estimation [2] . The estimated friction torque is added to the torque reference generated by the position controller and gravity compensation. This kind of compensation assumes that the actuator has a fast and accurate torque response. This is generally verified with electric actuators. Nevertheless, most servovalves, which are the control devices of the hydraulic actuators, do not provide a sufficiently fast and efficient torque response. Then an inner torque loop has to be designed.
f! Lischinsky (pablo@ing.ula.ve Another difficulty in applying friction compensation to hydraulic systems arises from the variation of operating conditions. In particular, oil temperature affects its viscosity, bulk modulus and compressibility. Actuator wear also influences friction. Furthermore, the nonlinear dynamics of these actuators are position dependent (see (1) below). These variations significantly affect the joint friction and the torque inner-loop characteristics during a manipulation task. Adaptation is then required.
The LuGre friction model used in this paper fits the requirements for friction compensation of hydraulic systems because it can describe complex friction behavior, such as stick-slip motion, presliding displacement, Dah1 and Stribeck effects and frictional lag. In addition, it can be coupled with a simple and robust adaptation algorithm, as shown in [4] . This model has two kinds of parameters. A first set of four static parameters are used to characterize the steady state static map between velocity and friction force or torque. This includes static, Coulomb, Stribeck and viscous frictional effects. A second set of two dynamic parameters affects the dynamic friction response.
A two step off-line identification methodology of the LuGre parameters has been proposed in [4] . First, closed-loop constant velocity experiments are performed to identify the static velocity to friction map. In a second step, stick slip motions are performed. For this kind of motions, which emphasizes the dynamic friction effect, a simplified friction model is used in order to identify the two dynamic parameters.
Finally, to cope with changes in friction characteristics, a single parameter adaptive scheme can be combined with the LuGre observer-based friction compensation scheme.
Torque Control
In order to compensate for friction torque, it is required to provide the manipulator with the ability of accurately applying the desired torque. This is generally not achieved in hydraulic systems, as the servovalve (electro-hydraulic valve) controls the flow rather than the pressure into the actuator. To provide the robot with torque control, two pressure sensors were installed at each joint, one for each chamber of the actuator. Through differential pressure measurement it was possible to estimate the actual hydraulic torque applied by the actuators. Then, a torque controller was designed based on the hydraulic actuators model. In the context of the overall control problem, this torque controller constitutes an inner loop for the outer position controller.
Modeling a hydraulic actuator is quite complex, [6] , [7] . As indicated in [ 1 11, in principle a hydraulic actuator consists of two oil compartments or chambers, separated by a movable part. In linear movement actuators, this part is a piston fixed to a shaft; in the case of the rotary actuator this part is the vane, which is connected to the output shaft. The oil flows into and out of the chambers are provided by the servovalve. There are three main stages.
1. The input current u drives the position of the servovalve spool with a fast second order linear transfer functionG,7(s). Because the bandwidth of the servovalve is well beyond that of the actuator, these dynamics were neglected.
2. The servovalve spool position controls the oil flow into the chambers of the actuator with a nonlinear map b(u, AP), which depends on complex internal piping and geometry of the servovalve.
3. This flow, combined with disturbing flows due to both actuator motion and internal leaks, controls the variation of the differential pressure between the two compartments M = P, -P2 with nonlinear coupled dynamics. AP depends on the actuator geometry and its position q.
This can be formally written using the continuity equations as follows where B is the oil bulk modulus parameter, represents the internal leakage flow between the two compartments, V, 4 models the disturbing flow due to the actuator motion, Vr being the actuator displacement corresponding to piston area in linear actuators. A fully developed model of the nonlinear terms b(u,AP) and @(q) for the Schilling Titan I1 actuators based on [1 11 can be found in [8] . A simplified form of this model is given by (1) with
whereC is the servovalve constant gain, Py is the supply pressure, and 1 IS a constant depending on actuator geometry, with
By using this model, a torque controller has been designed in [lo] . Both 
where the leak flow (Dl has been modeled as (Dl = K f A P , K, being a constant parameter. As shown by (S), the resulting closed loop dynamics of the pressure subsystem does not depend anymore on the joint velocity 4. However, it still depends on the joint position q. This is due to the non-compensated nonlinear term qq) in (5) . A stability analysis of the torque loop has shown that the worst position for the joint was the one which maximizes N q ) and thus, the bandwidth of the closed loop (5) . In practice, the PI gains of H,(s) are tuned in this configuration, which is the mechanical limit of the actuator. The gains are adjusted in order to provide a high inner loop bandwidth compared to the outer position loop. Experimental results presented later show that robustness of the nonlinear PI controller is good enough to provide accurate torque control in other joint configurations. Also nonlinear PI control exhibits better closed loop response than a simple linear PI controller.
Friction Modeling and Compensation
Friction is usually modeled as a discontinuous static map between velocity and friction torque which depends on the velocity's sign. It is often restricted to Coulomb and viscous friction components. A more complete static model is shown in Fig. 2 . However, there are several interesting properties observed in systems with friction which cannot be explained only by static models. This is basically due to the fact that friction does not have an 
Fig. 2. Friction-(constant) velocity description.
instantaneous response on a change of velocity, i.e., it has internal dynamics. Examples of these dynamic properties [ 11, [3] are:
stick-slip motion which consists of limit cycle oscillation at low velocities, caused by the fact that friction is larger at rest than during motion, presliding displacement which shows that friction behaves like a spring when the applied force is less than the static friction break-away force, frictional lag which means that there is an hysteresis in the relationship between friction and velocity. All these static and dynamic characteristics of friction are captured by the dynamical and analytical model proposed in [3] , called LuGre, which is suitable for the design of model-based friction compensation schemes. Experimental results on a D.C. motor with constant parameters and adaptive compensation schemes based on this model were reported in [4] . The LuGre model is given by
where q[rad I sec] is the angular velocity, and F[Nm] is the friction torque. Equation (6) where H ( q ) is the inertia matrix, G ( q ) is the gravity torque vector, F is the friction torque vector and l-is the applied hydraulic torque. For each axis i, the locally decoupled dynamics become whereh,,(q) is theithdiagonal term ofH(q),G,(q)is theithcomponent of G, rt is the torque applied to the ith joint and F, is the ith joint friction torque given by (6) and (7).
Parameter Estimation
Friction parameters are difficult to estimate since they appear nonlinearly in the model, and the internal friction state is not measurable.
The four static parameters can be estimated by the construction of the friction-velocity map measured during constant velocity motions. For constant velocity experiments, from (8) and (10) and assuming exact gravity compensation, we have
In this work, closed-loop experiments under position PD control with gravity compensation were performed over the six joints of the robot. The friction-velocity data values are then obtained by averaging the measured velocity and the input torque values. Nonlinear optimization algorithms were used to fit the experimental data to equation (1 1) with the static parameters [4] .
The estimation of the two dynamic parameters B,, and oIt is not possible using linear estimation techniques due to the nonlinear dependence of friction with these two parameters, and to the fact that the internal state z, is not measurable.
Nevertheless, an approximated estimation can be done. In order to estimate oat, a small magnitude, slowly varying torque input r, is applied in open loop. Assuming that it remains smaller than the break-away torque, the system exhibits presliding micro-displacements. In this case, it can be assumed that ij, = 0, 4, = 0 and 2, is constant. From (10) and (7) Thus, from equations (6) and (12), we get This equation can be explicitly integrated to obtain z,(t) by using an input ramp function S(t) = ct, c > 0. Assuming that the initial configuration is ~~( 0 ) = 0, and also 4, > 0, it yields: Therefore, from the actual measurement of q,(t) and the previously estimated values for a,, and a L, z, (t) can be computed dur- 
Here, o , , is determined such that this system has near critical damping, i.e., 0.8 < 6 < 1, using the expression o,, =2 
d c -a,i.
This condition was found to be necessary to achieve a damped transient response of the friction observer used for compensation purposes.
Friction Compensation
The estimation of friction parameters allows fixed and adaptive friction compensation of the robot, see the complete analysis in [3] , [4] , and [5] . Other friction compensation schemes based on the LuGre model were presented in [ 121 and [ 131.
Fixed friction compensation. Fixed friction compensation consists of designing a friction observer for the system for each joint i. Here, for the sake of readability, the subscript i is omitted.
From the friction model given by equations (lo), (6) 
h ( s 2 + H ( s ) ) h ( s 2 + H ( s ) )
whereF = F-Fand? =z -z^.
IfH(s)ischosensuchth_atG(s)is
strictly positive real (SPR) then the observer error, F -F , and the position error, e, will asymptotically converge to zero. 
To prove it let's introduce a state space representation of G(s)
=
28
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where the last inequality comes from the fact that g(4) > 0. The radial unboundedness of V together with the semi-definiteness of dV / dt implies that the states are bounded. In the regulation case ( 9 , constant), we can apply LaSalle's theorem-to prove that 5 -+ 0 and z + 0 which means that both e and F converge towards zero and the global asymptotic stability is proven. See [ 141 for the stability proof of the general tracking case. This result can also be understood from the fact that the observer error dynamics (20) correspond to a dissipative map from e to Z (see [3] for details). By adding the friction estimate to the control signal, the position error will be the output of a linear system operating on 2. This means that we have an interconnection of a dissipative system with a linear SPR system. Such a system is known to be asymptotically stable.
The SPR condition on G(s) excludes the use of a pure PID compensator for H( s). If H( s) is chosen as a PD controller, then the second order closed loop function is G(s) = I ( 6:zi+K,, ),
where K P and Kd are the proportional and derivative gains, respectively. Thus, the SPR condition on G ( s ) yields:
In practice, this condition was found to be too restrictive due to the high frequency zero of (19). The estimated values for CT,, / (J, are between 100 and 2000 [ r a d s ] for the different robot joints, which results in high gains. In [4] it was experimentally shown that the SPR requirements are too restrictive and do not give rise to a sharp stability condition.
Adaptive friction compensation. Friction can change for different reasons, such as oil temperature variations and actuator wear. Two adaptive schemes were presented in [4] based on the adaptation of only one parameter, and using the previously estimated nominal friction model. The first of them is given by where the nominal value of the parameter 0 = 1.
Here, we assume that the six nominal friction parameters and the linearized joint inertia h are known, the dynamic friction parameters are invariant, and the variation of the static friction parameters are captured by the model (21) From the filters introduced above (27)- (28), we can check that Z also satisfies:
where the first two terms in the right-hand side of this expression are measurable and the last one is derived from the non-zero initial conditions of q and r. In addition, the following holds: Therefore all the internal system signals remain bounded, and the "output" e = C jtends asymptotically to zero. See [4] for details and another adaptive scheme based on a different parameterization.
Experimental Results
In order to validate our approach, experiments were performed with an hydraulic Schilling Titan I1 manipulator.
The overall real time controller uses three CPU boards connected through a VME bus. Two 68030 boards supporting VxWorks run generic software for remote teleoperation. This software includes external sensor based control, drivers for various interfaces with human operators, and generic models for direct and inverse robot kinematics. It provides a desired joint position of the robot at a sampling rate of 500 Hz. The desired position is fed, through the VME bus, to the third CPU board, based on a 8 6 0 processor, which runs the joint control algorithms presented in this paper. The whole control algorithm for the six joints, including friction compensation and adaptation, runs at a 500 Hz sampling frequency. The VME bus also hosts high resolution input/output boards in order to drive the servovalve current and to read the resolver signal at each joint.
In a first step, experiments were performed to evaluate the efficiency of the nonlinear PI inner torque loop. Fig. 3 shows a position tracking experiment on the first joint of the robot. Here we are interested in the inner torque loop performance rather than in position tracking performance. The figure shows the tracking position reference, the torque reference resulting from the position controller, and the torque error. From 0 to 15 seconds, a conventional linear PI torque controller is used. Then, from 15 seconds to the end of the experiment, the nonlinear PI torque controller (4) is applied. The torque error plot clearly shows a better performance of the proposed nonlinear controller.
The second experimental step was the identification of the friction model for each joint of the robot. First, constant velocities experiments were performed to provide static friction-velocity plots. Fig. 4 shows the resulting plot for the joint I, emphasizing a significant Stribeck effect at low velocities. Four static friction model parameters were then estimated by fitting this curve to (1 1).
For estimation of the dynamic parameter CY(],, the experiment shown in Fig. 5 was used, where a presliding micro-motion is produced using a slow input ramp function. Finally, the last dynamic parameter (5, , was determined in order to provide a critical damping in the stiction phase, as described earlier in the paper.
The third experimental step was to implement the friction observer given by (17), using the previously estimated static and dynamic parameters. Here, a difficulty came from numerical stability. Trapezoidal approximation of integration was used. From (1 7) the observer sampled equation becomes: The same improvement is observed at the end-effector level. Fig. 8 shows the results for Cartesian space tracking experiments using the fixed friction compensation on all the manipulator joints. The desired trajectory consists of following a straight line to reach an intermediate point, and then coming back to the starting point. The experiment was done twice, without and with fixed friction compensation. Both results are shown in Fig. 8 . The straight line corresponds to the tracking reference between points A and B. The dash-dot curve corresponds to the experiment without friction compensation. The continuous curve corresponds to the experiment with fixed friction compensation. Compensating for friction reduces the tracking error by a factor of four for this experiment. In particular, as Fig. 9 shows, the position error norm of the end effector is about 2-3 cm without friction compensation, and about 0.5-1 cm when the friction compensation is applied, at t = 175 s. Similarly, the orientation error norm of the end effector decreases from 0.12 rad to 0.02 rad with friction compensation.
The last experimental investigations concerned adaptive friction compensation. Here, adaptation is optionally used as a tuning process over a finite time interval, in order to adapt the friction model to the current robot working confiitions. After a short adapting period, the adaptation parameter 9 is frozen. This allows a re-tuning of the friction model, mainly the Coulomb parameter a,. Fig. 10 shows the efficiency of the adaptive process.
From t = 0 to t = 18 s, friction is not compensated. A fixed friction compensation based on previously estimated parameters is then used, fromt = 18 s tot = 37 s. Finally, fromt = 37 s, the adaptation algorithm is run. Fig. 1 1 shows that the inverse of th,e adaptation parameter decreases from the nominal value 1 I 0 = 1 to 1 I 0 = 0.8. This shows that friction was overcompensated when using the previously-estimated friction parameters. Thus, the adaptation process results in decreasing the estimated friction, as depicted in Fig. 10 . The re-estimation of a,, can beAcarried out 
Conclusions
A model based friction compensation scheme using a novel dynamical friction model was implemented on an industrial Schilling Titan I1 hydraulic robot. Off line estimation of parameters was carried out, using the results of two kinds of experiments. These experiments were done independently at each joint. A nonlinear PI type controller was used in the inner torque loop to improve its performance. The complete control scheme has shown to substantially improve the position precision in regulation and tracking. Higher precision applications can be performed by the hydraulic robot with this controller. 
